Numerous studies have reported large disparities between short cortico-muscle conduction latencies and long recorded delays between cortical firing and evoked muscle activity. Using methods such as spike-and stimulus-triggered averaging of electromyographic (EMG) activity, previous studies have shown that the time delay between corticomotoneuronal (CM) cell firing and onset of facilitation of forelimb muscle activity ranges from 6.7 to 9.8 ms, depending on the muscle group tested. In contrast, numerous studies have reported delays of 60-122 ms between cortical cell firing onset and either EMG or movement onset during motor tasks. To further investigate this disparity, we simulated rapid active movement by applying frequencymodulated stimulus trains to M1 cortical sites in a rhesus macaque performing a movement task. This yielded corresponding EMG modulations, the latency of which could be measured relative to the stimulus modulations. The overall mean delay from stimulus frequency modulation to EMG modulation was 11.5 ± 5.6 ms, matching closely the conduction time through the cortico-muscle pathway (12.6 ± 2.0 ms) derived from poststimulus facilitation peaks computed at the same sites. We conclude that, during active movement, the delay between modulated M1 cortical output and its impact on muscle activity approaches the physical cortico-muscle conduction time.
Introduction
The synaptic connectivity between the primary motor cortex (M1) and motoneurons has been studied extensively (Porter and Lemon 1993; Morrow and Miller 2003; Rathelot and Strick 2006; Townsend et al. 2006; Schieber and Rivlis 2007; Rathelot and Strick 2009) . Using methods such as spike-triggered averaging (SpTA) and stimulus-triggered averaging (StTA) of electromyography (EMG) activity, previous studies have shown that the mean time delay between corticomotoneuronal (CM) cell firing and the onset of facilitation of distal forelimb muscle activity ranges from 6.7 to 9.8 ms, depending on the forearm muscle group tested (Cheney and Fetz 1980; Lemon et al. 1986; McKiernan et al. 1998; Park et al. 2004) . These delays are consistent with the estimated conduction time from cerebral cortex to forelimb muscle (Humphrey and Corrie 1978; Cheney and Fetz 1985; Baker and Lemon 1998) .
In contrast, numerous studies have reported mean delays of 60-122 ms between the onset of cortical cell firing and the onset of EMG activity or natural movement (Evarts 1972; Porter and Lewis 1975; Thach 1975; Cheney and Fetz 1980; Lamarre et al. 1981; Wannier et al. 1991; Porter and Lemon 1993) . Of course, it should be noted that excitation-contraction coupling would be expected to add as much as 50 ms to onset time in experiments that have measured cortical cell onset relative to the onset of movement or force (Begovic et al. 2014) . In other studies, delays of 40-50 ms have been used to produce optimal correlations between EMG activity and M1 neurons (Morrow and Miller 2003; Townsend et al. 2006) . These delays, coupled with the time delay of 60-122 ms observed between the onset of cortical activity and EMG activity, have been used as a rationale for phase shifting the timing between cortical cell activity and muscle activity in studies of cortical encoding of EMG activity (Morrow and Miller 2003; Townsend et al. 2006; Schieber and Rivlis 2007) .
Various hypotheses have been suggested to account for the timing discrepancies observed in these studies compared with the minimum conduction time over the corticospinal pathway measured with SpTA and StTA. One hypothesis is that plateau potentials, caused by persistent inward currents in the dendrites of motoneurons, may delay the transmission of incoming signals (Morrow and Miller 2003) . These plateau potentials may utilize slow L-type Ca 2+ channels and act as low-pass filters that amplify and substantially delay the incoming signals.
Another hypothesis is that motoneurons may require integration of signals from both direct corticospinal pathways and indirect, multisynaptic pathways (Schieber and Rivlis 2007) . Requiring input from multisynaptic pathways could increase the delay from cortical activity to EMG activity, although it would require a very indirect route to account for the large phase shift discrepancy between the minimum conduction time and the cortical cell to muscle onset time measured during active movement.
Yet, another possibility is that the disparity could be due to the time required for motoneurons to achieve firing threshold from a quiescent state, which requires summation of converging excitatory postsynaptic potentials (EPSPs) from corticospinal and other inputs as well as temporal summation of EPSPs from individual inputs (Porter and Lewis 1975) . The need for this type of synaptic summation could significantly delay the initiation of movement; however, contrary to the first 2 hypotheses, time delays due to this mechanism should be reduced once motoneurons are actively firing.
While each of these hypotheses is plausible, the actual cause for the timing discrepancy remains unclear. In the current study, we investigated the delay between cortical activity and EMG activity during active movement, while the motoneurons were at or above firing threshold. We generated time-varying modulations of corticospinal output to motoneurons by applying frequency-modulated stimulus trains to individual M1 cortical sites on a background of active movement-related EMG activity. This procedure yielded corresponding modulations of EMG activity whose phase shift could be measured relative to modulations in the applied stimulus train. The phase shift results obtained could then be used to examine whether or not the large delays seen in other studies might be attributable largely to the time required to bring motoneurons to firing threshold during initiation of movement.
The overall mean delay from the peak in stimulus frequency modulation to the peak in EMG modulation was 11.5 ± 5.6 ms, matching closely the conduction time through the cortexto-muscle pathway of 12.6 ± 2.0 ms derived from the peak of poststimulus facilitation computed at the same sites. While the 3 hypotheses mentioned above may not be mutually exclusive, with each contributing to delays between cortical firing and muscle activation, the results in this study support the hypothesis that the longer time delays reported for the timing between cortical cell activation and muscle activation are due largely to the time required to bring motoneurons to firing threshold from a hyperpolarized state.
Materials and Methods

Behavioral Task
We trained a male rhesus macaque (Macaca mulatta) to perform a ramp-and-hold concentric wrist task described in detail previously (Mewes and Cheney 1991) . Briefly, the monkey was seated in a custom primate chair within a sound-attenuating chamber with his arms comfortably restrained bilaterally. His right elbow was positioned at a 90°angle, and his right hand was positioned with palm vertical and fingers extended in a manipulandum that allowed horizontal concentric rotation about the wrist while restricting abduction and adduction, allowing for isolation of flexor and extensor muscle activity. To receive an applesauce reward, the monkey was required to produce alternating ramp-and-hold wrist movements to target positions of 40°± 10 in flexion and 30°± 15 in extension for a period of 1 s, with 0°being alignment of the wrist with the forearm. Wrist movements were made against moderate spring-like loads generated by a torque motor connected to the axis of the manipulandum, with the resistance calculated to be 8.33 × 10 -4 Nm per degree of rotation. Performance was guided by audio and visual cues.
Surgical Procedures
Following training, an MRI-compatible stainless steel chamber, allowing a 30-mm diameter dural exposure and exploration of the underlying cortical area, was implanted stereotaxically over the primary motor cortex of the left hemisphere using procedures described in detail previously (Park et al. 2000) . Briefly, the chamber was anchored to the skull using titanium screws and dental acrylic, and was centered over the hand area of M1 in the left hemisphere. In addition, threaded titanium nuts were attached over the occipital aspect of the skull using titanium screws and dental acrylic. These nuts provided a point of attachment for a flexible head-restraint system during recording (McKiernan et al. 1998 (McKiernan et al. , 2000 . Muscles of the right forearm, 5 flexors and 5 extensors, were each implanted with 2 multistranded stainless steel wires (Cooner Wire, AS632) using a transcutaneous technique described in detail previously (McKiernan et al. 2000) . Briefly, all wires were stripped of approximately 2-3 mm of insulation and inserted transcutaneously into the target muscles a distance of approximately 2-3 cm, with about 5 mm separation of the 2 wires in each muscle. The wires terminated in connector modules (ITT Cannon, New Britain, CT, USA) placed on the forearm. We tested the placement accuracy of each electrode pair by observing appropriate muscle twitches resulting from short stimulus trains. After confirming placement accuracy of all electrodes, medical adhesive tape was used to secure wires and the connectors to the forearm for the duration of the implant. The monkey wore a full-sleeved jacket (Lomir Biomedical, model PJ05) while in his home cage, with the right arm of the jacket reinforced with stainless steel mesh (Saf-T-Gard, Type 4.2 stainless steel mesh) to protect the implant.
We recorded multiunit EMG activity from 5 extensor muscles: Extensor carpi radialis (ECR), extensor digitorum communis (EDC), extensor digitorum 4,5 (ED4,5), extensor carpi ulnaris (ECU), and extensor digitorum 2,3 (ED2,3); and 5 flexor muscles: Flexor carpi radialis (FCR), flexor digitorum superficialis (FDS), palmaris longus (PL), flexor carpi ulnaris (FCU), and flexor digitorum profundus (FDP).
Prior to each implant surgery, the monkey was administered ketamine (10 mg/kg, IM), atropine (0.04 mg/kg IM), medetomidine (0.05 mg/kg IM), and subsequently isoflurane gas for the duration of the surgery. The monkey received prophylactic antibiotic ( penicillin, 6000 U/kg, SC) 10 h presurgery, 1 h postsurgery, and 3 days subsequent to the surgery. Following the surgery, the monkey was given analgesics (buprenorphine, 0.01 mg/kg IM and carprofen, 5 mg/kg SC). All surgeries were performed in a facility accredited by the Association for Assessment and Accreditation of Laboratory Animal Care using full sterile procedures. All procedures conformed to the Guide for the Care and Use of Laboratory Animals, published by the United States Department of Health and Human Services and the National Institutes of Health.
Data Recording
We stimulated multiple locations in the arm representation of primary motor cortex of the left hemisphere (Fig. 1) using glass-and mylar-insulated platinum-iridium electrodes with typical impedances of 0.7-1.5 MΩ (FHC, Inc., Bowdoin, ME, USA). We positioned the recording electrode using an X-Y positioner secured to the chamber for the duration of each recording session, and advanced the electrode into the brain using a manual hydraulic microdrive (FHC Corp.) until the electrode tip was located in cortical lamina V, or approximately 1.5 mm below the surface of the brain. Location of layer V was determined by depth, the appearance of large spikes, and finally by appropriate effects in StTA at 15 μA and 15 Hz.
Stimulus-Triggered Averages
StTAs were gathered for all implanted muscles from stimuli applied throughout all phases of the concentric wrist task. StTAs were used to help confirm positioning of the electrode in lamina V, to confirm electrode location stability for the duration of each recording session, and to determine minimum conduction time through the cortico-muscle pathway. EMG activity was typically filtered from 30 Hz to 1 kHz, digitized at 4 kHz, and full-wave rectified. Individual stimuli for the StTAs were symmetrical biphasic pulses: An initial negative pulse 0.2 ms in duration followed directly by a positive pulse of 0.2 ms in duration. StTAs were based on a minimum of 500 trigger events. Averages were compiled using a 60-ms epoch, of which 20 ms prior to the trigger was considered baseline. StTAs were identified as having significant poststimulus effects if the peak or trough of the effect exceeded ±2SD of the baseline for a period of ≥0.75 ms or more as described previously (Park et al. 2004) . Strong poststimulus effects suggested that the electrode tip was in layer V.
Frequency-Modulated Stimulation Protocol
Once we confirmed that the electrode tip was situated in or near layer V, we recorded the baseline EMG activity of all muscles during the concentric wrist task for both extension and flexion phases. We then initiated a stimulation protocol using specific combinations of the following parameters: Current intensity (10, 15, and 30 μA), stimulus train carrier frequency (100, 150, 200, and 250 Hz), modulation frequency (4, 12, and 28 Hz), and extension-or flexion-triggered stimulation. We used the same stimulation protocol at each cortical site whenever possible. For each stimulus parameter, a minimum of 50 trials were collected to compute an average EMG response to modulated stimulation. The stimulus trains were separated by a sufficient rest period to ensure that trains applied at the beginning and end of a parameter set evoked similar EMG responses.
To generate the frequency-modulated sinusoidal stimulus trains, a waveform generator producing a sinusoidal output was triggered by either wrist flexion or extension (Fig. 2 ). This signal modulated the simultaneously triggered stimulus train carrier frequency created by a second waveform generator. The rising phase of this synthesized frequency-modulated signal triggered a Grass S-88 stimulator, which, in turn, delivered biphasic electrical pulses to the cortex via the microelectrode. The peak of the sinusoidal signal used to modulate the stimulus train carrier frequency co-varied directly in time with the peak stimulus frequency, such that the shortest interstimulus interval in the frequency-modulated stimulus train coincided precisely with the peak of the sinusoidal signal. Therefore, we used the sinusoidal modulating signal for analog cross-correlation analysis, an example of which is shown as the final step in Figure 2 .
Measurement of EMG Cross-Talk
We evaluated cross-talk between EMG electrodes by constructing EMG-triggered averages. This procedure used the motor unit potentials from one muscle as triggers for compiling averages of rectified EMG activity of all other muscles. The criterion established by Buys et al. (1986) was used to eliminate effects that might have been affected by cross-talk. To be accepted as a valid poststimulus effect, the ratio of poststimulus facilitation between test and trigger muscles had to exceed the ratio of their cross-talk peaks by a factor of 2 or more. Based on this criterion, no effect had to be eliminated.
Measurement of Delay
Once we acquired the EMG responses to sinusoidal stimulation, we applied an offline interpolation method to remove any We determined cortico-muscle transmission time by crosscorrelating EMG activity with the sine wave used to produce stimulus train modulation. Because the process of preparing records for cross-correlation analysis, which involved eliminating periods with no stimulation and re-linking the records, was very time-consuming, we elected to quantify and perform analyses on the first 10 trials of stimulation. We noted that EMG responses generally did not change substantially in response to stimulation after 10 trials and confirmed this by computing cross-correlation analysis on all 50 trials for a subset of the data. We rectified the raw EMG and smoothed it using a second-order Butterworth low-pass filter, and applied the same filter to the modulating sine wave signal to control for possible phase shift associated with filtering. Cross-correlation significance level was determined by breaking the EMG signal into 10 parts, reassembling the parts randomly and then recomputing the correlation. This was repeated for 9 datasets. The overall correlation coefficient after randomizing the EMG signal was 0.1466, which is similar to significance estimates others have used (±0.15) for this type of data (Houk et al. 1987; Miller et al. 1993) . Accordingly, correlation coefficients of ±0.15 or greater were considered significant and used in subsequent analyses.
The onset of EMG activity relative to the onset of frequencymodulated stimulation was measured as the point at which the envelope of the EMG record surpassed the equivalent of ±2SD above or below the mean of the baseline EMG activity. We used the 125-ms epoch preceding stimulus onset for the baseline.
Results
Stimulus-Triggered Averages
StTAs were acquired at each cortical site at which frequencymodulated stimulation was applied, using the same current intensities used for modulated stimulation. Acquiring StTAs allowed us to determine the optimal locations to apply the frequency-modulated stimulus protocol. It also provided a measure of the minimum conduction time for cortico-muscle connections at a particular cortical site. The poststimulus facilitation (PStF) onset and peak latencies measured in this study (Table 1) Methodology for stimulation, recording, and cross-correlation. Stimulation was applied either on wrist flexion or extension, applying a combination of modulation frequency and carrier frequency. Stimulation at this modulated frequency was delivered to the stimulating electrode at a set stimulus intensity, and the output electromyography (EMG) activity was recorded. This stimulus-driven EMG activity was then rectified and smoothed using a 20-Hz Butterworth filter. This smoothed and rectified EMG was then cross-correlated with the signal used to drive frequency modulation to determine the overall phase shift offset between the modulated stimulus delivered to the cortex and the resulting modulated EMG activity. Only sections of data in which stimulation was delivered were used for analysis (dotted boxes). Data in this example used a modulation frequency of 4 Hz, a carrier frequency of 150 Hz, and stimulation intensity of 30 µA; EMG was recorded from extensor carpi radialis (ECR) and triggered on wrist extension.
Sites that yielded strong PStF in StTAs were more likely to yield predominantly excitatory ( pE) rather than inhibitory modulation when frequency-modulated stimulation was applied, whereas sites that yielded poststimulus suppression (PStS) were more likely to yield predominantly inhibitory ( pI) modulation (Table 2 ). For example, the StTAs in Figure 3C show PStF in ED4,5 and, at a longer latency, weak PStS in FDP. Applying frequency-modulated stimulation produced pE modulation in ED4,5, and pI modulation in FDP (Fig. 3G) . When FDP was silent (Fig. 3D) , applying stimulation produced little or no appreciable modulation. However, when FDP was active (Fig. 3E) , stimulation produced inhibition associated with peaks in the frequency of stimulation. The sign of the effect from frequency-modulated stimulation can be most readily appreciated by looking at the response to the initial cycle of the frequency-modulated stimulus train (Fig. 3G) . Note that the response is clearly excitatory for ED4,5 (1) and inhibitory for FDP (2). Also of interest is the fact that the excitatory modulation of ED4,5 strengthens throughout the hold phase of the response, whereas the inhibitory modulation in FDP is diminished after the first 2 cycles.
Time Delays Derived from Analog Cross-Correlations
Cortical sites that yielded strong poststimulus effects in StTA records yielded robust EMG modulation in response to frequencymodulated stimulus trains applied at the same site, although sites that showed no poststimulus effects in StTA records also showed prominent EMG modulation with sinusoidal stimulation. Cortical sites yielding poststimulus facilitation in StTA most commonly, but not always, produced EMG modulation that was purely excitatory ( Table 2 ). The mean phase delay in crosscorrelations computed at sites that produced no poststimulus effect (PStE) (12.3 ± 5.8, n = 129) was not statistically different from the phase delay for sites that produced PStF (11.4 ± 5.7, n = 488; P = 0.12). However, the cross-correlation magnitude for sites with PStF (0.36) was significantly greater than that for sites with no PStE (0.24, P < 0.001).
At all carrier frequencies, 3 fundamental modulation patterns in the EMG records were observed in response to stimulation: pE, pI, and initially excitatory transitioning to inhibitory (tEI). Predominantly excitatory responses yielded peaks in EMG activity that were directly related to corresponding peaks in stimulus frequency, that is, as stimulus frequency increased, EMG activity increased (Figs 3Gi and 4A) . pI responses were those that yielded the inverse of this pattern, that is, as stimulus frequency increased, EMG activity decreased (Figs 3Gii and 4B) . Responses categorized as tEI were those that shifted from excitatory to inhibitory over the course of the 750-ms trial (Fig. 4C) . In rare cases (0.5% of total responses), the EMG response to frequencymodulated stimulation was inhibitory and then became excitatory with cycles later in the train.
Using cross-correlation analysis, we compared the time delay of peaks in EMG activity relative with corresponding peaks in stimulus frequency. Given that most pI and tEI effects did not modulate as clearly with sinusoidal stimulation as did pE effects, cross-correlation results for pI and tEI effects were more difficult to interpret. Therefore, only records with pE responses were included in our cross-correlation analysis.
Average time delays between the frequency-modulated stimulus train and EMG activity derived from analog cross-correlation analysis are given in Table 3 . The results are categorized by modulating frequency and carrier frequency. As there was no statistical difference in the time delays observed for different forearm muscles (one-way ANOVA on ranks, P = 0.485), the latencies for all muscles were combined in the analysis. Higher carrier frequencies yielded fewer pE responses and correspondingly more pI and tEI responses, as evident from the number of records for each parameter. In addition, higher modulation rates and higher carrier frequencies yielded lower cross-correlation magnitudes. Higher frequencies would be expected to produce greater physiological spread, activating cells via trans-synaptic corticocortical mechanisms likely spreading beyond the sphere of direct activation (Jankowska et al. 1975 ). Higher frequencies would therefore have a greater probability of recruiting both excitatory and inhibitory circuits producing interference that would reduce the fidelity with which the cortico-motor system could follow such frequencies. EPSP properties and temporal summation also put a limit on the maximum following frequency of the EMG signal. Interestingly, the 12-Hz carrier frequency yielded a significantly smaller phase shift than 4 and 28 Hz (P < 0.001), but the reason for this difference is unclear.
Increasing stimulus intensity resulted in a significant decrease in time delay of EMG modulation with respect to the modulated stimulus train (one-way ANOVA on ranks, P = < 0.001). pE responses for all frequency parameters with a stimulus intensity of 10 µA had a mean phase shift (EMG peak followed stimulus frequency peak) of 12.8 ± 4.3 ms (n = 184). Responses at 15 µA had a mean phase shift of 11.9 ± 5.6 ms (n = 273), and responses at 30 µA had a mean phase shift of 9.9 ± 6.1 ms (n = 245). A possible explanation for this shift toward shorter delays is that higher intensities produce activation of greater numbers of corticospinal cells due to physical spread of stimulus current (Tehovnik 1996) , and subsequently more rapid activation of motor units. PStF peak latencies for 10, 15, and 30 µA were 12.9 ± 2.5, 12.8 ± 1.7, and 12.2 ± 1.7 ms, respectively. The overall mean time delay of pE EMG modulation including all parameters in this study was 11.5 ± 5.6 ms (n = 702). This delay approaches the minimum conduction time through the pathway from cortex to forearm muscles.
EMG Onset Measurements
We measured the onset of EMG activity following the onset of frequency-modulated stimulation for all pE M1 cortical sites in the study. The mean latency for all stimulus parameters was 10.7 ± 4.4 ms (n = 657). There was a statistically significant difference in onset latency when the stimulus was applied in the presence or absence of background EMG (P ≤ 0.001, Mann-Whitney). The mean latency when stimulation was applied in the presence of background muscle activity was 9.7 ± 3.3 ms (n = 371) compared with 12.1 ± 5.2 ms (n = 286) in the absence of background EMG activity. As noted above, higher stimulus intensities also produced shorter delays to EMG activation.
Variety of Responses to Stimulation
EMG responses to stimulation observed in this study fell into 3 categories-pE, pI, and tEI-as described earlier. However, subtle variations within these categories are noteworthy. Figure 5A illustrates an example of a consistent level of excitatory modulation for the duration of the stimulation, whereas Figure 5B illustrates an extreme example of an initial excitatory response yielding to either strong inhibitory interactions or a near complete inability to follow high-frequency modulation for the duration of stimulation. Although this record was obtained during extension when FDP was inactive, stimulation applied during flexion in the presence of background EMG confirmed a predominately excitatory effect. Figure 5C illustrates a dynamic strengthening and subsequent attenuation in EMG activity throughout the duration of the stimulation. These responses convey an interesting competition between excitatory and inhibitory networks within the brain and spinal cord. Often, this interplay leads the resulting EMG to transition from an excitatory response to an inhibitory response, possibly resulting from either greater latencies associated with the activation of inhibitory networks or stronger 15.9 ± 1.9 0.19 ± 0.03 81 All All All 11.5 ± 5.6 0.33 ± 0.14 702
Note: Data based on the pE column of Table II . Values are means ± SD. Data are based on predominantly excitatory ( pE) EMG modulation. Stimulus intensities used were 10, 15, and 30 µA. In all cases, EMG peak followed the stimulus frequency peak. n: number of cortical site-muscle pairs measured; Magnitude %: peak percent increase (PPI) above baseline.
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Discussion
The timing of muscle activity resulting from modulations in descending cortical output remains an underlying question of interest in the study of neural encoding. Many previous studies have reported consistently greater latencies between cortical activity and the onset of muscle activity during natural movements than would be expected from the minimum conduction time through the same pathway. Conduction studies using StTA and SpTA have reported minimum conduction times through the forelimb cortico-muscle pathway of 6.7-9.8 ms, depending on the specific muscle tested (Cheney and Fetz 1980; Lemon et al. 1986; McKiernan et al. 1998; Park et al. 2004) . In contrast, numerous studies have reported latencies of 60-122 ms from population cortical activity to movement or EMG onset during natural movement (Evarts 1972; Porter and Lewis 1975; Thach 1975; Cheney and Fetz 1980; Lamarre et al. 1981; Wannier et al. 1991; Porter and Lemon 1993) . There are several hypotheses regarding the nature of the observed discrepancy in timing. One hypothesis suggests that the disparity in timing may be due to plateau potentials in the dendritic currents of motoneurons, resulting from persistent inward currents (Morrow and Miller 2003; Shapiro and Lee 2007; Binder et al. 2011 ). These plateau potentials may act as a low-pass filter to both amplify and substantially delay the incoming signals.
Plateau potentials could produce a consistent delay in the expression of cortical activity at the muscle level. Moreover, this delay would be present throughout the entire movement, rather than solely at movement onset. Plateau potentials have been suggested as a possible explanation for the results obtained by Morrow and Miller (2003) , in which they observed optimal fits between cortical activity and EMG activity using a time delay of 50 ms.
Another hypothesis is that activation of motoneurons may require integration of signals from both direct corticospinal pathways and indirect, multisynaptic pathways (Schieber and Rivlis 2007) . These multisynaptic pathways could substantially increase the delay from cortical activity to EMG activity, although it would require a highly indirect route to account for the large discrepancy between the minimum conduction time and the cortical cell to muscle delay measured during active movement. Of course, it is well known that most corticospinal connections in the macaque monkey terminate in the intermediate lamina of the spinal cord rather than lamina IX containing motoneuron cell bodies. This interneuronal network might be part of the spinal pattern generator for rhythmic, stereotyped movements. The substantial delay resulting from integration of such pathways should be present not only at the onset of movement but also for the duration of the active movement.
Alternatively, the disparity may be due to the time required for the motoneurons to achieve firing threshold from a hyperpolarized inactive state. This requires summation of converging EPSPs from corticospinal and other inputs to motoneurons. The time to reach firing threshold could pose a significant delay during the initiation of movement; however, the discrepancy in timing should be absent during active movement once the motoneurons are actively firing. If time to achieve threshold is a significant contributing factor to the delay between cortical cell activation and EMG activity, then the delay should approach the minimum conduction time through the pathway if the motoneurons are already active.
Results presented in this study are relevant to the timing issue in 2 respects. First, our results show that when the cortical output network and associated brainstem and spinal cord networks are activated with electrical stimulation in a sinuosoidal pattern of modulation sufficient to produce overt driving of EMG activity, the EMG is phase-shifted relative to the stimulus signal by an amount approaching the minimum time required for conduction through the pathway from cortex to muscle. One might argue that this is a foregone conclusion because each individual stimulus will essentially produce a poststimulus facilitation effect. However, this is not the case. Individual stimuli at the intensities we have used do not generally produce any observable effect in the raw EMG record. Also, we tested many cortical site-muscle pairs ( Table 2 ) that did not show any poststimulus effect, but did produce clear EMG modulation with high-frequency sinusoidal stimulation. The EMG modulation from stimulation at these sites had timing that was not significantly different from sites that did produce poststimulus facilitation in stimulus-triggered averages (see Results). Presumably, neurons activated at these sites lack the most direct linkages to motoneurons. This result shows that a modulated output signal from a population of motor cortex neurons, after being transmitted through the synaptic network to motoneurons, can produce corresponding modulation of EMG activity with a delay that is only a few milliseconds greater than the expected minimum conduction delay from cortex to muscle. This result argues against the plateau potential hypothesis and the multisynaptic pathway integration hypothesis and favors, although does not prove, the "need to reach threshold" hypothesis. Processes related to plateau potentials or multisynaptic pathway integration should have delayed signal transmission related to sinusoidal stimulation just as they would delay signal transmission of voluntary movement-related cortical signals. However, we cannot rule out that peculiarities in the nature of cortical activity generated by electrical stimulation might be evading these mechanisms. For instance, the rapid and synchronous activation of cells brought about with single-electrode stimulation could yield different results compared with the gradual and asynchronous activation associated with voluntary movement.
Also, supporting the "need to reach threshold" hypothesis is the fact that the phase shift from the onset of stimulation to the onset of EMG activity was greater when stimulation was applied in the absence of EMG activity compared with stimulation when background EMG activity was present. The fact that the difference was small compared with the delay between cortical activation and EMG/movement onset is likely due to a fundamental difference between the activation of cortical neurons using stimulation compared with natural activation during initiation of voluntary movement. Our stimulation method produces abrupt, synchronous and intense activation of cortical cells. As a consequence, at stimulus onset as well as throughout stimulation, a large number of cortical cells are rapidly and simultaneously activated yielding a large, relatively synchronous input volley to motoneurons bringing them to threshold quickly. In contrast, during initiation of natural voluntary movements, the onset of cortical cell firing is asynchronous with gradual recruitment of the requisite number of cells over a period of several hundred milliseconds or more for a self-paced movement (Cheney and Fetz 1980) . Of course, the well-established set-related activation of cortical neurons in preparation for a movement would tend to increase excitability, not only of cortical neurons, but also of motoneurons, and reduce the time to reach motoneuron firing threshold and, hence, movement reaction time (Tanji and Evarts 1976) .
Our conclusions are supported by the results of Griffin et al. (2008) who measured the time difference between peaks in CM cell firing rate relative to corresponding peaks in target muscle EMG activity during a reach-to-grasp arm movement task. In this task, the peaks in activity occurred on a background of EMG activity and more closely matched the conditions of our sinusoidal stimulation. The average peak in CM cell activity led the peak in EMG activity by 23 ms. Although this is still greater than the phase difference observed in our study (12.8 ms at 10 µA), it is, nevertheless, in much closer agreement to our sinusoidal stimulation than to delays of 60-122 ms obtained from measurements of cortical cell onset to EMG/movement onset starting from rest or an inhibited condition. Another example of a condition in which natural activation of CM cells occurred in the presence of background EMG activity involves applying torque pulses at the wrist, which stretched the cell's target muscles (Cheney and Fetz 1985) . Rapid stretch of the target muscles brought about brisk and potent activation of CM cells, making it a good comparison with the rapid activation of cortical cells with stimulation in the current study. Torque pulse evoked muscle stretch also elicited rapid reflex responses in muscle including an M1 response, believed to be spinal in origin, and an M2 response, believed to be cortical in origin. The mean onset latency of CM cell responses to torque pulse perturbations of movement was 23.4 ms compared with 27.9 ms for M2 onset, leaving a difference of 4.5 ms for conduction time from cortex to muscle. Actual conduction time was estimated to be 7.0 ms based on the mean phase shift of postspike facilitation. Of course, in this case, as with the timing study of Griffin et al. (2008) for natural movement-related activity, motoneurons will be receiving additional sources of input beyond corticospinal-related inputs. Nevertheless, it is noteworthy that, in this case, with abrupt and potent activation of cortical cells, the time delay between the onset of cortical cell activity and muscle activity is consistent with the conduction time from cortex to muscle, in agreement with the results presented in this paper.
Summary and Conclusions
Although the time delay between peaks in the frequency-modulated cortical stimulus train and corresponding EMG modulation varied somewhat with the stimulus parameters, the overall mean phase shift of excitatory modulation across all parameters determined via cross-correlation analysis (11.5 ± 5.6 ms) matched closely the conduction time through the cortex-to-muscle pathway derived from stimulus-triggered averaging of EMG activity as the peak PStF latency (12.6 ± 2.0 ms) computed at the same sites. These results demonstrate that, during active movement, cortical output can modulate muscle activity at latencies approaching the minimum conduction time through the cortico-muscle pathway. Moreover, the delay between the onset of stimulation and the corresponding onset of EMG activity increased when stimulation was applied in the absence of background EMG activity compared with active EMG. The results support the hypothesis that the longer time delays reported for the timing between natural cortical cell activation and muscle activation during voluntary movement are due largely to the time required to bring motoneurons to firing threshold from a hyperpolarized state. 
